In this paper, for the accurate estimation of the position and orientation of the UUV (unmanned underwater vehicle), an AHRS (Attitude Heading Reference System) was developed using the IMU (inertial measurement unit) sensor which provides information on acceleration and orientation in the object coordinate and the initial alignment algorithm and the E-KF (extended Kalman Filter). The initial position and orientation of the UUV are estimated using the initial alignment algorithm with 3-axis acceleration and geomagnetic information of the IMU sensor. The position and orientation of the UUV are estimated using the AHRS composed of 3-axis acceleration, velocity, and geomagnetic information and the E-KF. For the performance test of the orientation estimation of the AHRS, a testbed using IMU sensor(ADIS16405) and DSP28335 coded with an E-KF algorithm was developed and its performance was verified through tests.
Introduction
An unmanned underwater vehicle (UUV) needs an ultrasonic observation system such as LBL (Long baseline), SBL (Short baseline), and USBL (Ultra short baseline) etc. since electric waves are not able to pass through water [1] . However, although the position error of the ultrasonic sensor does not diverse as time lapses, due to the position error of high frequency and the characteristics of ultrasonic waves inside the water, it has a long sampling frequency. Also, sensors such as DVL (Doppler velocity logger) or IMU (inertial measurement unit) have accumulative position errors though they have a relatively fast sampling time. . For these reasons, a complex navigation system composed of DVL, IMU, USBL, GPS sensors is required [2] [3] [4] [5] .
In this paper, for the accurate estimation of the position and orientation of the UUV, the AHRS (Attitude Heading Reference System) was developed using the IMU sensor which provides information on acceleration and orientation in the object coordinate and the initial alignment algorithm. The initial position and orientation of the UUV are estimated using the initial alignment algorithm with 3-axis acceleration and geomagnetic information of the IMU sensor. The initial alignment in AHRS by which the orientation of the body is calculated between the navigation coordinate and body coordinate refers to the calculation of DCM (Direction Cosine matrix) which expresses the alignment of the body before entering the navigation mode. A Kalman filter, which is used mostly in initial alignment, requires a long calculation and execu-tion time. In the initial alignment which is proposed in this paper, the algorithm was simplified by using only the sensor outputs of three axis acceleration and three axis geomagnetism, and the estimated time for initial orientation was reduced. In the navigation mode, by using the Extended Kalman filter (EKF) with the orientation value of the initial alignment, the orientation value of the UUV is estimated. The measured values of the EKF are constituted with nine data of three axis angular velocities, gravity, and a geomagnetism sensor, and the estimated values are constituted with three axis angular velocities and four quaternion elements.
Initial alignment of sensor
The navigation coordinate is defined as the local horizontal coordinate of which the origin is the center of mass and the other three axes face toward north, east, and the vertical lower side, and the Daxis is perpendicular to the earth's ellipsoid, the Eaxis points directly east, and the N-axis points directly north as shown in Fig. 1 . A body coordinate is a coordinate in which the center resides at the center of mass in the UUV and it is defined such that its Z-axis is the Roll, its Y axis is the Pitch, and its Z-axis is the Yaw of the AUV as shown in Fig. 2 . 
Intial alignment algorithm
To obtain the Roll ( ) and Pitch ( ) values, an assumption is required such that when the AUV is not moving, in the navigation coordinate, if the gravitational acceleration is multiplied by the matrix which transforms the navigation coordinate into the body coordinate, it becomes the acceleration output of the sensor, and it is expressed as the correlation equation Eq. (1) .
is the transformation matrix from the navigation coordinate to the body coordinate and a x , a y , and a z are the acceleration sensor output values. g represents gravity.
Because the three-axis angular velocity sensor used in the study is not equipped with a function to measure the angular velocity of earth rotation, an initial alignment using the geomagnetism sensor and the acceleration sensor was executed. In this paper, by using the output of the accelerometer in which gravitational acceleration information during initial alignment was included, the roll and pitch angles were calculated. Then, the yaw angle was calculated using the 3-axis geomagnetic sensor in which the calculated roll, pitch angles, and the vector value of geomagnetism are included. To calculate the roll and pitch angles, assuming that the AUV is not moving, if the gravity value is multiplied by DCM which transforms the navigation coordinate to the body coordinate, the obtained angle value, which would be the same as the output acceleration value is required, and it can be expressed as in Eq. (1). (1) Where, a x , a y, and a z are output values of the inertial sensor and these are the vector values in the body coordinate. By calculating Eq. (1), roll and pitch angles are obtained as in Eq. (2).
Yaw Algorithm
As shown in Eq. (1), multiplication of the gravity vector g by the matrix which transforms the navigation coordinate into the disappearance of the yaw angle values. For this reason, another sensor other than acceleration is required. To solve this problem, an initial alignment using the geomagnetism sensor and acceleration sensor was executed.
When the x-axis of the geomagnetic vector of earth in the navigation coordinate is defined as m 1 , the y axis as m 2 , and the z axis as m 3 , and the output of the geomagnetic sensor in the body coordinate is defined as the x axis is m x , the y axis is m y , and the z axis is m z , and if these geomagnetic vectors are multiplied by the transformation matrix from the navigation coordinate to the body coordinate, we can assume these values as in Eq. (3). (8) is simplified as (8) Where Eq. (8) can be expressed as a matrix form as Eq. (9) (9) Using Eq.(9), the yaw angle can be expressed as a closed-form as (10)
When the initial alignment for the roll and pitch angles is executed, since the value at the right side in Eq. (10) becomes a constant, the yaw angle can be obtained. 
Coordinate transformation algorithm for AHRS
The AHRS which expresses the attitude information and rotational angular information of the AUV in motion was constructed by implementing a coordinate transformation algorithm at the IMU sensor which is a body coordinate sensor. For this, EKF was applied, of which the initial value was taken from the initial alignment data. The EKF is composed of a measurement matrix which is external input, an estimate matrix which is the final output, an F matrix which is the system model, and an H matrix. Also, the EKF process is divided into the estimation and assumption processes. In the estimation process, the current estimate matrix and error covariance are calculated based on the previous estimate matrix and error covariance. The estimate matrix used in the estimation process and system model F matrix is expressed as Eq. (11) and (12), respectively. Here, the estimate matrix comprises four quaternion elements and 3-axis angular velocity values.
(11) (12) Here, the matrix is the orientation transformation matrix. The F matrix in Equation (10) comprises the matrix which connects the Estimate matrix of the previous condition to the Estimate matrix of the current condition. During the estimate process, after receiving input from the Estimate matrix during the estimation process, error covariance, and Measurement matrix and by using the H matrix in the system model, the final Estimate matrix and error covariance were calculated. The measurement matrix and H matrix which were used during the estimation process are the same as Equation (13) and Equation (14).
(13)
The H matrix in Equation (11) is composed of the matrix which updates the estimate matrix as the measurement matrix. (14) Using Equation (14) through Equation (1) and fusing the angular velocity sensor, and geomagnetic sensor, the AHRS sensor appropriate to navigation is composed. A simulation and performance test of the developed AHRS has been carried out to verify good performance.
Simulation and Performance test

Simulation
For the performance test of the AHRS algorithm, simulink in Matlab has been used. As an input value for the simulation program, 10N of the x, y, and z axes and force as well as the moment force which has a sine wave form with 0.69Nm toward the xaxis, 0.66Nm toward the y-axis, and 0.36 Nm toward the z-axis were used. For angular velocity, acceleration, and the geomagnetism sensor, a modeled sensor of which the average noise level was 0 and the variance was 2.54E-4, 8.0E1 was used. Fig.  3 shows simulation results where the top graph represents the estimate value using EKF, and the middle graph indicates the actual value. The lowest graph shows the simultaneous expression of estimates and actual values. As shown in the third graph, the estimated value using EKF is quite close to the actual values. 
Test result
For the implementation of the initial alignment and AHRS algorithm to the actual USV, a hardware system using a DSP28335 microprocessor and a ADIS16405 IMU sensor was constituted as shown Fig. 4 . Here, DSP28335 has a 150MHz speed and a floating point calculation performance. The specification of ADIS16405 is shown in Table 1 . The signal processing sensed from the IMU sensor was estimated in real time using the algorithm of EKF shown in Fig. 5 [6] [7] [8] [9] . Two performance tests were carried out: one involves testing the estimate ability of the roll, pitch, and yaw angles of the developed AHRS under stationary condition. The other test involves testing the estimate ability of the AHRS in motion. For this, the AHRS fixed on a plate was rotated at angle ranges of 0°-100°. Through tests, it has been confirmed that the Gimbal lock phenomenon did not occur and the orientation angles could be estimated within the hardware errors with less noise. Figs. 6~8 show the test results of the three angles of the IMU sensor on the stationary plate. From the figure, it is shown that. The estimates of the roll angle have an error range of 0.22°, the estimates of the pitch angle have an error range of 0.24°, and the estimates of the yaw angle have an error range of 0.21°. Fig. 9 shows the test results of rotating the AHRS sensor from 0° to 100°. It could be confirmed that within these angles, the Gimbal lock phenomenon did not occur and the orientation angles could be estimated within the hardware. 
Conclusion
For the motion estimation of the AUV, an initial alignment method has been designed in which the 3-axis acceleration and geomagnetism information of an IMU sensor were used and the motion has been estimated by the construction of an AHRS after fusing 3-axis angular velocity, acceleration, and geomagnetism data. For the performance test of the motion estimation in AHRS for the AUV, a test apparatus has been constructed using ADIS16405, which is an IMU sensor and DSP28335, on which the signal processing algorithm and an EKF algorithm were transplanted and its performance was tested.
According to the test, the estimates of the roll angle have an error range of 0.22°, the estimates of the pitch angle have an error range of 0.24°, and the estimates of the yaw angle have an error range of 0.21°. This means that the output angles of the roll, pitch, and yaw in the developed AHRS have less angle errors than the 3-axis angular velocity noise of the specified ADIS16405 IMU sensor in Table 1 .
